Introduction
Measurement of minimal residual disease (MRD) by flow cytometry (FC) or polymerase chain reaction (PCR) emerges as an attractive new tool for risk assessment in childhood acute lymphoblastic leukemia (ALL). 1 Several studies with FC, which bears the methodologic advantage of being relatively simple and quick, have demonstrated that MRD detection based on leukemia-associated phenotypes correlates with outcome and should be applicable to a majority of children with ALL. [2] [3] [4] [5] [6] Two large FC investigations established the significance of different levels of MRD at sequential time points in therapy, proving that MRD is an independent outcome indicator. [7] [8] [9] Between these studies and in comparison to the most relevant PCR-derived data, 10, 11 divergences exist regarding the proportion of MRD ϩ patients at distinct treatment time points, the prognostic relevance of certain MRD levels, and the general applicability of techniques that compete in the quest for the most favorable expenditure/efficacy profile. Because quantitative data generated by PCR and FC seem largely interchangeable, 12 it needs to be determined in the future whether these divergences are mainly caused by differences between therapeutic regimens or by technology. Notably, all studies published to date have relied on only relative measurements of MRD (relative to leukemic genome copy standards or to cells of a sample) mostly among mononuclear cell preparations. It is therefore tempting to speculate whether methodologic standardization on the basis of truly absolute quantification of MRD among total nucleated cells (NCs) in combination with a better understanding of the dynamic changes of cell content and cellular composition of the bone marrow (BM) during treatment provides even more accurate and prognostically reliable information.
Hence, we conducted a prospective FC study that allowed investigation of the values of relative and absolute MRD quantification as well as the modalities of assessment in pediatric ALL patients with risk-directed therapy. Our method was based on a limited antibody panel approach applicable to most patients due to a combination of techniques directed toward investigation of B-cell precursor (BCP) and T-lineage phenotypes, and enabled the detection of one leukemic cell among at least 10 4 normal cells. 4, 5, [13] [14] [15] [16] [17] [18] Patients, materials, and methods
Patients and samples
Between April 1996 and October 1998, 139 children with ALL were consecutively enrolled in a nationwide Austrian multicenter (n ϭ 12) treatment study based on the ALL Berlin-Frankfurt-Münster (BFM) 95 protocol. From 108 of these patients, diagnostic and follow-up BM samples (treatment time points, day 15, day 33, week 12, weeks 22-24, occasionally further) could be obtained for the prospective investigation of MRD (of note, these time points were essentially the same as those in the study of van Dongen et al 11 ) . BM investigations were approved by the institutional ethical committees and were done according to informed consent guidelines. The median age of the 108 study patients at diagnosis was 3.8 years (range, 0.08-17.08 years), and there were 45 girls and 63 boys. Sixty-four patients (59%) had a leukocyte count less than 20 ϫ 10 9 /L at presentation. One hundred patients had a BCP-ALL (5 pro-B, 67 common, and 28 pre-B ALLs), and there were 8 patients with T-ALL (7.4%). Genetic analyses disclosed a t (9;22) or BCR/ABL rearrangement in 6 patients, and a t(4;11) or MLL/AF4 rearrangement in 2. Nine patients (8.3%) responded poorly to the prednisone prephase (Ͼ 1000 blasts/L blood on day 8 of induction), and only 2 children did not acquire remission at day 33. Risk group stratification according to the protocol was based on features at presentation and on therapy efficacy. 19 Thirty-five patients (32.4%), characterized by a combination of good prednisone response, leukocyte counts less than 20 ϫ 10 9 /L, a non-T immunophenotype, and age between 1 year and less than 6 years, were assigned to the arm with lowest risk (ie, standard-risk, SR). Sixteen (14.8%) were classified as high-risk (HR) patients by a poor prednisone response, no remission at day 33, a t(9;22) or BCR/ABL rearrangement, or a t(4;11) or MLL/AF4 rearrangement. All other patients (n ϭ 57; 52.8%) were included in the medium-risk group (MR). The median observation time of patients who remained in remission was 40 months (range, 1.83-4.42 years). Thirteen patients (6 MR, 7 HR) had relapse in a median of 15 months after diagnosis (range, 0.42-2.67 years). There were 10 systemic and 3 localized relapses (all central nervous system [CNS] ). Importantly, the 31 patients who could not be investigated were not significantly different from the 108 study patients regarding age, gender, leukemic immunophenotype, white blood cell count at diagnosis, prednisone response, risk group distribution, and relapse-free survival (tests: Wilcoxon 2-sample, Fisher exact, 2 , log-rank).
Treatment protocol
Treatment with the ALL-BFM 95 protocol was based on a modification of the ALL-BFM 90 regimen. 19, 20 In brief, all patients received a 5-week induction treatment consisting of prednisone (during the first week as systemic monotherapy), vincristine, daunorubicin (reduced by 50% in SR patients), and L-asparaginase. SR and MR patients continued directly with phase 2 of induction (4 weeks) comprising oral 6-mercaptopurine, cyclophosphamide, and cytarabine. After 2 weeks of rest this was followed from week 12 onward by consolidation treatment (8 weeks) with high-dose methotrexate and oral 6-mercaptopurine. HR patients were switched after phase 1 of induction to 6 rotational 6-day pulses of intensive multiagent chemotherapy instead of the extended induction and normal consolidation therapy. Of note, the week 12 follow-up BM investigation in HR patients was performed after rest from 2 such pulses. After a further 2 weeks of rest, all patients received similar reinduction treatment for 7 weeks from weeks 22 to 24 onward (comparable to induction therapy). Subsequent maintenance therapy consisting mainly of oral 6-mercaptopurine and methotrexate was conducted until completion of the second year of treatment (prolonged for SR boys). All patients received repeated intrathecal therapy until the end of reinduction, and prophylactic cranial irradiation (12 Gy) was reserved for patients with T-ALL or HR criteria.
Sample preparation and immunofluorescence staining
Heparinized BM samples were usually received by express mail within 1 day after collection and immediately processed. First, the NC count of each aspirate was assessed with a Sysmex F-820 cell counter (TOA Medical Electronics, Hamburg, Germany). Subsequently, NCs were prepared using a commercially available red cell lysing solution (Becton Dickinson, Sunnyvale, CA). The panel of monoclonal antibodies (MoAbs) for immunofluorescence staining has been delineated, 4, 13, 21, 22 except for the following unconjugated or fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, peridinin chlorophyll protein (PerCP)-, PE-cyanin 5.1 (PC5)-, or allophycocyanin (APC)-labeled MoAbs: CD3 (UCHT1-FITC,-PE, pure), CD20 (B-Ly1-PE), and CD38 (AT13/5-FITC) from Dako (Glostrup, Denmark); CD19 (SJ25C1-APC), and CD45 (2D1-PerCP) from Becton Dickinson; CD34 (581-PC5) from Beckman-Coulter (Vienna, Austria). Except for investigations of normal BCPs, which were done with 4 directly labeled MoAbs, the panel was based on the use of 3-color stainings including one unconjugated MoAb. The labeling cascade, quality control measures, and the cellular permeabilization procedure have been described in detail. 4, 21, 22 
FC analyses
Analyses were performed on a dual-laser FACSCalibur (Becton Dickinson). Details regarding the test standardization, the data acquisition with the CELL Quest software (Becton Dickinson), and the data analysis using the PAINT-A-GATE software (Becton Dickinson) have been delineated. 4, 13, 22 We used several standardized antibody combinations to screen ALL samples at diagnosis for leukemia-associated aberrations as well as to investigate follow up BM. 5 First-line strategic MoAb combinations against frequently aberrant antigens were used in all patients: for BCP-ALL CD34/CD10/CD19 (in pro-B ALL: CD34/CD10 plus CD20/CD19) and CD10/CD45RA/CD19, and for T-ALL TdT/cytoplasmicCD3/surfaceCD3 as well as cytoplasmicCD3/CD7/surfaceCD3. In the first 72 sequential patients, first-line combinations were always complemented in case of BCP-ALL by additional MoAb triplets (CD10/CD45RA/CD11a, CD10/ CD45RA/CD44, CD10/CD33/CD19, and cytoplasmic IgM/CD34/CD19), which were used in follow-up investigations whenever applicable. In later cases (n ϭ 36), full typing including the complementary markers was only done if aberrations relevant for follow-up could not be determined with the first-line marker panel (n ϭ 8). Aberrant characteristics were judged relevant only if they were sufficiently strong or homogeneous on a majority of blasts of a leukemia sample. Table 1 summarizes the leukemia-associated characteristics used to monitor MRD in the 108 ALL cases. Fifty-two leukemias had one aberrant marker (48.1%), 53 (49.1%) had more than one (39 had 2, 11 had 3, and 3 had 4), and only 3 (2.8%) did not have a useful aberration.
Stainings with the cell-permeant, live-cell nucleic acid fluorochrome SYTO 16 (emission at 518 nm; Molecular Probes, Leiden, The Netherlands) combined with CD19 or CD3/CD45 were used in follow-up analyses to exclude residual nonnucleated erythroid cells, thrombocytes, or debris (SYTO16 Ϫ ) from calculations. This staining allowed the unbiased proportional quantification of MRD among total NCs (SYTO16 ϩ ) via the percentage of CD19 ϩ or CD3 ϩ cells. 5 The 4-color MoAb combination (CD38/CD45RA/CD34/CD19), which discriminates the 3 major BCP stages in BM as well as plasma cells, was used to investigate normal B cells. 21, 23, 24 At diagnosis, and for SYTO16 as well as normal B-cell analyses, 1.5 ϫ 10 5 NCs were labeled for acquisition of 30 000 events. For MRD measurements, 7.5 ϫ 10 5 NCs were first analyzed by plain acquisition of 30 000 events. Subsequently, live gates were set in appropriate For personal use only. at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From parameter correlations, and gated events (usually CD10 ϩ /orthogonal light scattering low/intermediate , in a few applications CD19 ϩ /CD34 ϩ , in T-ALL cytoplasmicCD3 ϩ /surfaceCD3 low/Ϫ ) were acquired until 30 000 events or until all cells in the tube had passed through the flow cytometer, whichever occurred first.
Data handling
Minimal residual disease was defined as accumulation of events with leukemia-associated phenotypic characteristics in follow-up BM. A relative estimate (percentage of leukemic cells among NCs) and an absolute count (leukemic cells per microliter) were assessed. Absolute counts were calculated by multiplying blast percentage values with the total NC count of the sample. Events that did not form typical cellular clusters within the regions of FC parameter correlations expected to contain only leukemic cells, or that rather overlapped leukemia-associated regions from adjacent areas, were regarded indefinite but similarly quantified. Such events occurred as infrequent background related to diminished sample quality or as normal populations, which to some extent resembled leukemic cells by phenotype (eg, immature normal BCP). Samples containing only such indefinite events were judged MRD Ϫ , but the proportion and absolute number of indefinite events was recorded as threshold of sensitivity, which reflected that MRD more numerous than this value did not exist in a given sample. Because occurrence of such indefinite events did not preclude that leukemic cells, if present, could accurately be discerned, unfavorably high thresholds were not considered an obligation to exclude samples from further analyses. Rather, respective data were analyzed with respect to the prognostic reliability of the test system as well as their association with sample composition parameters and time points.
Statistical analysis
The Wilcoxon 2-sample test was used to investigate for differences in sample composition parameters and sensitivity thresholds. Associations between these data were assessed with the Spearman rank correlation. Differences between patient groups regarding the proportion as well as the log-level distributions of MRD ϩ samples were estimated using the MantelHaenszel 2 test. The principal end point used to determine the prognostic value of MRD results was the relapse-free interval (RFI), calculated as the interval from the time point of a given assessment until the date of first relapse or end of observation. Four patients who underwent BM transplantation (including the 2 patients who failed to attain remission at day 33) and did not relapse thereafter, and 3 patients who died from causes other than leukemia itself (infection or thromboembolism), were included but censored with the date of transplantation or death. The probability of the RFI (pRFI) was estimated by the method of Kaplan-Meier. 25 SDs of KaplanMeier estimates were calculated according to Greenwood. The log-rank test was used to explore the prognostic impact of MRD in univariate analyses. A Cox regression model, adjusted for BFM risk groups, was used for multivariate analyses. 26 Relative hazard rates (CI 95%) were calculated, a Wald test was used to test the significance of differences between groups, and the predictive value of MRD results additional to BFM risk groups was examined by the log-likelihood ratio test.
Results

MRD results and influencing factors
We assessed MRD on the basis of relative and absolute blast cell measures in children with ALL (Table 2) . Follow-up BM samples (n ϭ 329) were taken at 4 standardized time points during the first 6 months of treatment. Covariables such as the NC count, the total normal B-cell content, and the BCP subset composition were also investigated. The proportion of samples that were MRD ϩ was high at day 15 (89.1%), and decreased thereafter to 40.9% at day 33, 13.7% at week 12, and 4.3% at weeks 22 to 24 ( Table 2 ). The MRD burden of positive samples is reviewed in Table 2 .
Total NC counts showed a high degree of variance between individual samples of a given time point as well as between time points in general (Table 3 ; P Ͻ .001 for the differences between time points except for week 12 versus weeks 22 to 24, which was not significant). The lowest values were usually found at day 15, and the highest at week 12 and weeks 22 to 24. Related to the variance in NC counts, absolute blast counts were classified to different log-levels compared to the respective relative estimates in 59 (38.8%) of 152 MRD ϩ samples. The composition of BM samples regarding normal BCP subsets changed also significantly during follow-up (Table 3) . Samples from day 15 and day 33 contained almost exclusively mature B cells (stage 3). By contrast, samples from week 12 and weeks 22 to 24 were dominated by very immature BCP (stage 1; P Ͻ .001 for the differences between the earlier and the later time points), which are phenotypically related to leukemic cells. The relative proportion of total normal B cells among NCs regressed from day 15 to week 12, and slightly increased thereafter (weeks [22] [23] [24] . Related to these peculiarities of the B-cell pool, the proportional sensitivity threshold values of *Data of consecutively tested patients (ie, first half of the study cohort). †Data of all available MRD ϩ testings included (week 12, n ϭ 13; weeks 22-24, n ϭ 6; ie, from MRD ϩ patients of the first half of the study cohort, and from later enrolled patients who were tested only if MRD ϩ at the preceding time point). (Table 3) were favorably lower at day 15 and day 33 compared to week 12 and weeks 22 to 24 (day 15: P ϭ .017 and .011, respectively; day 33: P Ͻ .001 for both late time points). Both at week 12 and weeks 22 to 24, lower sensitivity thresholds correlated with fewer normal BCP (P Ͻ .001).
Outcome and correlation with MRD results
Thirteen of the 108 study patients had relapse during the observation period. Presence of MRD was associated with a greater likelihood of relapse at day 33 (P ϭ .024) as well as at week 12 and weeks 22 to 24 (P Ͻ .001 for both correlations), but not at day 15. More importantly, the incidence of relapses correlated with distinct levels of MRD positivity. As shown in Table 4 , the prognostically relevant levels of MRD decreased with time under treatment (day 15: Ն 1.0% of NC or Ն 100 blasts/L BM; day 33: Ն 0.1% or Ն 10/L; week 12: Ն 0.01% or Ն 1/L; weeks 22-24: any MRD positivity). Of note, SR patients, who received a slightly less intensive induction treatment, did not differ from MR patients regarding the proportion of positive samples and the distribution among levels of MRD both at day 15 and day 33. Figure 1 summarizes the predictive value of MRD results at each time point. The accuracy in defining patients with relapse culminated at week 12 by continuously narrowing the population at risk. Low or absent MRD did not allow a further substratification with respect to favorable therapy outcome. Including BFM risk groups in a multivariate Cox model, quantitative MRD results proved to be independent prognostic factors at day 15 (only absolute estimate), and in particular at day 33 and week 12 (both estimates, Table 5 ). At weeks 22 to 24, too few data were available for these calculations.
Strategic combination of day 33 and week 12 MRD results
Ninety-nine percent of MRD tests at day 33 (102 of 103 samples) had a sensitivity that included the levels relevant for outcome prediction at this time point, whereas 70% of assessments (45 of 64) at week 12 had a reduced sensitivity according to threshold proportions. Invariably, patients with predicted relapses had high MRD loads both at day 33 and week 12. To neutralize the surmised reduced reliability of week 12 assessments, we found it useful to combine MRD information from day 33 (for a sensitive predefinition of patients at risk) and week 12 (for the confirmation of an adverse outcome based on the kinetic evolution of MRD between the 2 time points). The predictive value of the strategic combination of the 2 time points is shown in Figure 2 . Patients were split up by MRD results into 2 groups with greatly different prognosis (P Ͻ .001). Of note, 68 measurements at week 12 were available (n ϭ 51 from consecutive patients; patients recruited later during 
Rx indicates relapses; pts, patients (eligible, total patients excluding prematurely censored due to transplantation or early death). *Data from all available patients included (only the first half of patients was consecutively investigated at this time point, whereas samples from later patients were tested only if MRD ϩ at the preceding time point). For personal use only. at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From the study were tested only if MRD ϩ at day 33, ie, n ϭ 17). Data of a further 34 children were imputed because MRD Ϫ at day 33 into the MRD low-load group of the combined analysis, because only 2 of 208 paired assessments from 2 consecutive time points displayed an increase in MRD. One sample-pair showed increasing MRD positivity preceding a very early relapse. The other was found 0.001% positive by week 12, although previously and thereafter judged MRD Ϫ . All other 78 sample-pairs, which were negative at the earlier time point, were negative also at the following investigation. Data of further 1 (absolute count) and 2 patients (relative estimate), respectively, with high a MRD load on day 33 but lacking week 12 results were imputed in the MRD high-load cohort. Patients with adverse outcome (pRFI 0.0 at 3 years) were those with an MRD at least 0.1% of NC (or Ն 10 blasts/L BM) at day 33, who remained MRD ϩ at least 0.01% (or Ն 1 blast/L) at week 12. All other patients had a pRFI of 0.93 (Ϯ 0.03 SD) according to the relative MRD estimate, and of 0.94 (Ϯ 0.03 SD) with absolute counting. In multivariate analysis (Cox model), MRD-based risk assignment was found to be an independent and overriding prognostic factor, whereas conventional BFM risk grouping had no significant additional prognostic impact (loglikelihood ratio-test P Ͻ .001; Table 5 ). BFM HR patients were split up by MRD-based stratification into a group that relapsed (pRFI 0.0 at 3 years; n ϭ 8) and a group (n ϭ 8) that profited from chemotherapy alone (pRFI 0.75 Ϯ 0.15 by relative estimate, P ϭ .018; 0.86 Ϯ 0.13 by absolute count, P ϭ .004). Of note, 1 of 2 BFM HR patients with a relapse despite favorable relative MRD results had a localized disease recurrence in the CNS. The other patient was correctly assigned a high risk by the absolute MRD count. Of the 6 BFM MR patients with a relapse, 2 were predicted by MRD results. The subgroup of BFM HR patients with a poor response to the prednisone prephase (n ϭ 9) was also split up by MRD results. Patients with continuously high MRD load (n ϭ 4) relapsed in 3 (1 censored due to transplantation) and 4 cases (relative versus absolute estimate), respectively, whereas of patients with low MRD (n ϭ 5) only 1 patient suffered a relapse in the relative assessment group, P ϭ .024, and none in the absolute count group, P ϭ .008. Notably, only 1 of these 9 prednisone poor responders had an additional HR criterion, that is, a t(4;11).
Analyses of relapse patients
In all 10 investigated relapse cases, the leukemic phenotype was stable compared to primary diagnosis in at least one marker used for MRD assessment. BM samples (n ϭ 11) from aspirations preceding these relapses were available in 9 patients (6 MRD ϩ , 5 MRD Ϫ ). The median interval between these aspirations and relapse diagnosis was 3 months in positive cases (range, 0.5-6 months), and 6 months in negative cases (range, 4-16 months). Three of 5 patients with MRD ϩ results had been negative in prior follow-up investigations, whereas 2 patients had been continuously positive for 5 and 7 months since primary diagnosis.
Discussion
Sequential monitoring of MRD during the first months of therapy provides information on the timely response to treatment and proves to be a powerful and independent indicator of treatment outcome in children with ALL. [7] [8] [9] [10] [11] Our population-based prospective study on 108 unselected pediatric ALL patients, which were uniformly treated according to the widely used ALL-BFM 95 protocol, confirms and extends these observations. We used an FC method based on a limited panel of antibodies that was applicable to 97% (105 of 108) of analyzed patients. At any time point, presence of MRD was associated with a higher risk of disease recurrence. Distinct cutoff levels of MRD were found, which correlated with a particularly high relapse hazard, and which declined with time in therapy. At day 33, patients at risk could sensitively be predefined (cutoff Ն 0.1% NCs or Ն 10 leukemic cells/L BM). At week 12, those who remained MRD ϩ (Ն 0.01% NCs or Ն 1 leukemic cells/L BM) had an utmost probability of relapse. In contrast, the risk of patients whose MRD levels had decreased below the cutoff, favorably reverted to that of all other patients with primarily absent or low MRD already at day 33 (none of 8 such patients relapsed). This observation confirms that a slow response to initial treatment may be neutralized within a defined period of treatment by subsequent therapy with other drugs. 9 Importantly, MRD assessment proved to be an overriding and independent prognostic indicator also in multivariate analyses that included the BFM risk stratification. Based on this, it seems possible to draw clinically relevant conclusions: patients with high conventional risk (HR) can be split up by MRD results into a group with very unfavorable outcome (in which alternative treatment could be of value) and a group with good prognosis (which seems to profit from intensive chemotherapy alone). Patients with low conventional risk (SR/MR) but unfavorable MRD results are Of note, patients with high MRD load at day 33, but whose leukemic cells were cleared below the relevant thresholds by week 12 (n ϭ 7 and 5, respectively) were subsumed in the MRD low-load groups. All these patients stayed relapse-free except for one patient of the relative-estimate series, who, in contrast, had been assigned to the MRD high-load group at week 12 by absolute counting.
destined to relapse, but may take advantage of intensified treatment, whereas those with a slow initial response neutralized by subsequent therapy (7 SR/MR), may further profit from reintensification with those drugs that resulted in control of the disease. Notably, 3 of 5 recurrences not predicted by MRD results occurred as late (2.67 years after diagnosis; n ϭ 1) or localized relapses (n ϭ 2). It is conceivable that MRD assessment as a measure of the initial therapy response may not allow us to predict recurrences related to other mechanisms than primary resistant leukemia.
In several aspects our FC data confirm those generated with PCR technology by van Dongen et al 11 on the basis of a related regimen (protocol ALL-BFM 90); however, some divergences exist. Those between the prognostically relevant levels of MRD at week 12 (10 Ϫ4 versus 10 Ϫ3 ) rather seem due to differences in technology. Van Dongen et al 11 used semiquantification in mononuclear cell preparations, whereas we investigated total NCs. This underscores that the impact of MRD may depend on the methodologic approach. Van Dongen and coworkers defined 3 risk groups according to results from day 33 and week 12 (most favorable: MRD Ϫ on day 33, worst prognosis: MRD Ն 10 Ϫ3 at week 12). In contrast, we aimed only at increasing the reliability of dismal outcome predictions when combining MRD assessments from 2 time points. Whether the lack of a third MRD-based risk group in our series (at 3 years, our general low-risk group (n ϭ 94) had a probability of sustained remission of 0.94 compared to 0.98 in the group with lowest risk (n ϭ 55) and 0.77 at intermediate risk (n ϭ 55) according to van Dongen et al 11 ) is due to the sample size, minor differences between regimens, or to a more precise MRD interpretation by FC needs assessment. A favorable impact of a rapid response to treatment, as reported recently also by PanzerGrümayer et al 27 may also strongly depend on the observation time. Notably, recurrences in primary resistant disease (MRD HR group) seems to occur mostly earlier than in leukemias that initially respond well to therapy but then relapse. This might explain differences in the potentialities to define prognostically favorable patient cohorts between the former studies and the results of Cave et al and our study (48 and 66 versus 38 and 40 months median follow-up, respectively). 10, 11, 27 Comprehensive investigations simultaneously performed with both methodologies are under way, which re-evaluate these issues and which will eventually define the correlation of technologies.
Differences in intensity and schedule of therapeutic regimens may also evoke divergences in results and in predictive value of MRD assessment. This seems corroborated by our data that show a decline of the prognostically relevant MRD cutoff over time correlated with the cumulative exposure to cytotoxic drugs. In line with this, markedly different percentages of patients MRD ϩ at high levels after induction have been observed with 2 different therapeutic regimens that bear similar cure expectancies. 28 It may therefore be necessary that MRD data for outcome prediction are generated separately for each therapeutic regimen.
In our study, we quantified residual leukemia on the basis of total NCs, which bears conceptual advantages regarding test accuracy over the common practice of analyzing mononuclear cell preparations. By our procedure, assessments can be corrected for bias otherwise caused by variations in preparative quality (increased amount of residual nonnucleated events, eg, erythrocytes, and diminished efficacy in separation of mononuclear cells by imbalance of anticoagulants or prolonged storage), although the theoretical possibility of sample dilution by blood remains a factor that still could adversely influence any type of assessment. However, based on NC analysis, truly absolute MRD quantification by concept may further allow us to correct for a bias that occurs in relative investigations due to differences in total cell content when comparing a series of individual specimens from a given time point. Such differences in NC counts of follow-up samples precipitated log-level divergences in 38.8% of relative/absolute measurement pairs, which led to several divergences also in risk estimates. Day 15 results (only the absolute MRD estimate allowed a statistically significant separation of patients), odds ratios of multivariate analyses, as well as data from individual patients (eg, one patient who relapsed was defined as HR by absolute MRD assessment only) suggested that absolute assessment allows an even more precise risk estimation than relative measurement by ranking samples with high relative MRD values but low total NC counts prognostically more correct. Associated with the individual kinetics both of cell depletion with cytotoxic therapy and, later on, of hematopoietic regeneration after rest from chemotherapy, we found that NC counts differed largely also between samples from different follow-up time points of an individual patient. Therefore, relative measures may also not allow us to reliably assess the quantitative evolution of leukemia over time. In this respect, we found generally higher NC counts as well as a completely different BM composition regarding normal BCP at the 2 later time points compared to the former, which extends recent observations. 21, 29, 30 Our data substantiate speculations that variations in the occurrence of immature lymphoid precursors, which resemble leukemic cells by phenotype, may influence MRD detection. 3, 6, 21 Regenerative time points (week 12 and weeks [22] [23] [24] were characterized by a limited sensitivity in MRD assessment in a high proportion of B-lineage cases due to the preponderance of resurgent normal very immature BCP, whereas the high reliability of testings at earlier time points was based on the exclusive presence of mature B cells (apart from residual leukemic cells). Hence, options for investigating MRD may not only depend on leukemia itself, but more importantly also on time point-related factors such as total count and developmental stage of normal cells. Strategic placement of assessments into nonregenerative phases of treatment may thus allow an accurate and sensitive determination of MRD although using a single marker combination that is sufficiently broad to reach most patients. Reducing the need for a diversified investigative setup should add to the clinical significance of FC also by augmenting its economic efficiency. We suggest that a methodologic standardization in these respects is a prerequisite for drawing reliable conclusions for clinical decision making on the basis of MRD.
